Introduction
============

Impairment and disability following an acquired brain injury (ABI) are often assessed by many scales that are long, difficult to administer, and centered only on some aspects of the impairment. Therefore, it is often necessary to use more than one scale in order to achieve a global and complete assessment. The most common scales are the Chedoke-McMaster Stroke Assessment Scale (CMSA),[@b1-cia-8-879] Fugl-Meyer Assessment (FMA),[@b2-cia-8-879] and Functional Independence Measure (FIM).[@b3-cia-8-879] Furthermore, although these scales are standardized and validated, they depend on the therapist's perceptual decision when monitoring the behavioral performance of the person and are thus inherently subjective.[@b4-cia-8-879] Another limitation of these protocols is their scoring system that is relatively coarse, since the observer typically scores the patient's performance on an ordinal or ordered categorical scale with few options to choose from. This makes it difficult to quantify improvement and detect subtle but clinically important functional changes.[@b4-cia-8-879]--[@b6-cia-8-879]

Despite the weaknesses of traditional approaches for the clinical assessment of ABI, assessment is essential to monitor the progress of the patient, as well as to determine the effectiveness of rehabilitation treatment.

At the same time, the many rehabilitation approaches vary widely across therapists with little empirical evidence to support one approach over another.[@b7-cia-8-879],[@b8-cia-8-879] The result is a vicious circle between clinical assessment and rehabilitation due to the lack of sensitive tools to quantify dysfunction making it difficult to identify the effectiveness of the current rehabilitation approaches and to determine if one rehabilitation approach is better than another.[@b6-cia-8-879] Thus, it is essential to search for new alternatives that would more rapidly objectively quantify impairments and disabilities following an ABI.

Recent developments in robotic technology have shown that robotic devices are capable of playing a role in rehabilitation because of their objectivity and reliability. They can gather kinematic and kinetic data in order to identify useful markers that quantify the motor recovery process.[@b4-cia-8-879]--[@b6-cia-8-879],[@b9-cia-8-879],[@b10-cia-8-879]

Over the past few decades, robotic visually guided and reaching movements have been used to study sensorimotor function.[@b5-cia-8-879],[@b11-cia-8-879],[@b12-cia-8-879]--[@b16-cia-8-879] A number of these studies assumed that there is a deficit in the sensorimotor function in individuals who have had a stroke in comparison with controls. However, the influence of age in this function has not yet been considered.

The purpose of this study was to use a robotic system and a reaching task to identify useful and noticeable kinematic and kinetic measures in order to determine the influence of age on specific aspects of sensorimotor function. We hypothesized that many aged persons would show differences in one or more of the attributes of sensorimotor performance, according to previous studies.[@b17-cia-8-879]--[@b19-cia-8-879]

Material and methods
====================

Robotic device
--------------

The task was monitored by a pneumatic robotic device with two degrees of freedom called RoboTherapist 2D that was designed by the Biomedical Neuroengineering Group at Miguel Hernández University and is now commercialized by Instead Technologies Inc (Elche, Spain). This device ( [Figure 1](#f1-cia-8-879){ref-type="fig"}) has been designed as a rehabilitation robot for patients who suffer from stroke or other neurological disorders. The system permits only horizontal motion involving flexion and extension of the shoulder and elbow, and horizontal abduction and adduction. In this study, we did not use gravitational support since the machine was programmed not to assist the participants in completing the task. Therefore the RoboTherapist 2D only recorded the movements using parameters such as position, tangential velocity, and concerned forces. This information can be further used to assess the patients' progress in rehabilitation.

Experiment setup and protocol
-----------------------------

Prior to commencing the trials, the participants were seated in a chair in front of the RoboTherapist 2D in a comfortable musculoskeletal position. The end effector was grasped flexing the elbow 90 degrees and the shoulder internally rotated about 30 degrees related to the anatomical position. Therefore, the forearm was in the sagittal plane and the hand in front of the trunk ([Figure 2](#f2-cia-8-879){ref-type="fig"}).

The protocol design was based on the design by Coderre et al.[@b5-cia-8-879] Participants were asked to grasp the end effector of the robotic device in order to reach peripheral targets (1.0 cm radius), "quickly and accurately" from a centrally located target (1.0 cm radius). There were eight peripheral targets distributed uniformly on the circumference of a circle and placed 10 cm from the center target. The participant was provided with hand position visual feedback by a small white circle (0.4 cm radius; [Figure 3](#f3-cia-8-879){ref-type="fig"}). Targets and feedback were presented by software called REVIRE (developed by the Biomedical Neuroengineering Group at Miguel Hernández University) in a screen located 70 cm in front of the participant ([Figure 3](#f3-cia-8-879){ref-type="fig"}). Participants began each trial by holding the hand within the central target for 2000 milliseconds. Afterwards, a peripheral target was illuminated. Next, participants were given 3000 milliseconds to complete the movement. When a target was reached, the participant had to return toward the central target in order to start a new trial. A total of 64 trials were completed and each peripheral target was illuminated in a random block design.

Participants
------------

Fifty-one subjects (age 20--80 years) with no known neuromotor disorders of the upper limbs participated in the study. Subjects were divided into three groups according to their age: group 1 (age 20--40 years), group 2 (age 41--60 years), and group 3 (age 61--80 years). Each group had 17 subjects. Group descriptions and participant demographics are reported in [Table 1](#t1-cia-8-879){ref-type="table"}.

The protocol was approved by the ethics committee of the University Miguel Hernandez and all subjects gave written informed consent.

Movement parameters
-------------------

To characterize performance, ten movement parameters were calculated from each trial, based on parameters from Coderre et al.[@b5-cia-8-879] The setup movement was identified by a single velocity threshold: 5% of the maximum velocity achieved in each trial. The final movement was identified as the moment when the target was reached whereas the initial phase of movement was defined as the time period from movement onset to the first maximum speed. In addition, the following parameters were calculated from the position data recorded by the RoboTherapist 2D robotic device (see [Figure 4](#f4-cia-8-879){ref-type="fig"}):

1.  Initial movement direction error (in degrees), defined as the angular deviation between a straight line from the central target to the peripheral target and the vector from the central target to the hand position after the initial phase of movement.

2.  Initial movement ratio, measured as the ratio of the distance travelled by the hand during the participant initial movement to the distance the hand travelled between movement onset and offset.

3.  Path length (in mm), defined as the total distance travelled by the hand between movement onset and offset.

4.  Number of no ended tasks, defined as the number of trials for which no movement end was detected, for example when the participant did not reach the target within 3000 milliseconds.

Likewise, from the tangential velocity data recorded by RoboTherapist 2D we calculated the following parameters (see [Figure 5](#f5-cia-8-879){ref-type="fig"}):

1.  Postural speed (mm/second), calculated as the mean speed during the 500 milliseconds preceding peripheral target illumination.

2.  Reaction time (seconds), determined by the time between the illumination of the peripheral target and the onset of movement.

3.  Number of no initiated tasks, corresponding to the number of trials for which no movement onset was detected, for example when the participant did not leave the central target within 2000 milliseconds after the illumination of the peripheral target.

4.  Movement time (seconds), defined as the total time elapsed from movement onset and offset.

5.  Maximum speed (mm/second), defined by the maximum speed reached by the hand movement.

Besides these parameters and independently of position and velocity data, we also calculated:

1.  Force (N), calculated as the mean force that is exerted in order to move the end effector in the desired direction and with the selected speed.

Statistical analysis
--------------------

Statistical analyses were performed using the Statistical Package for Social Sciences (SPSS version 19.0; IBM Corporation, Armonk, NY, USA). A participant's performance for each movement parameter was characterized by the average of the 64 recordings. Comparisons of continuous variables between subjects were performed using the Kruskal--Wallis H test. This test was used because several of the measured parameters were not normally distributed and therefore did not meet the requirements for a parametric test. The Mann--Whitney *U* test with Bonferroni correction for three groups was used to evaluate and identify the source of the difference. The performances for non-dominant and dominant arms were analyzed independently. Furthermore, we used the Wilcoxon test to study whether there were significant differences in the performance of the dominant versus non-dominant arms. Statistical significance was set at a *P*-value of less than 0.05.

Results
=======

[Table 2](#t2-cia-8-879){ref-type="table"} shows the main descriptive statistics including the median, the degree and direction of asymmetry (skewness) and the kurtosis for the three age groups. The number of no ended tasks and the number of no initiated tasks are not shown in this table because they do not appear in all subjects and all trials.

The interaction with the robot was well accepted by all participants and nobody quit the study. As expected based on previous studies,[@b5-cia-8-879],[@b14-cia-8-879] the collective hand paths of the total participants were relatively straight, with small corrective movements and modest amounts of trial-to-trial variability (see [Figures 6](#f6-cia-8-879){ref-type="fig"} and [7](#f7-cia-8-879){ref-type="fig"}). The hand trajectories for movements made to each of the eight targets and the speed profiles for one movement direction are shown in [Figure 6](#f6-cia-8-879){ref-type="fig"} for an older subject (group 3) and in [Figure 7](#f7-cia-8-879){ref-type="fig"} for a younger subject (group 1). The differences between both subjects can be seen in the speed profiles: the reaction time for the younger subject (1.38 seconds) is less than for the older subject (1.46 seconds) and the maximum speed for the younger subject is greater than for the older subject.

A Kruskal--Wallis test was conducted to evaluate differences among the three age groups. The results ([Tables 3](#t3-cia-8-879){ref-type="table"} and [4](#t4-cia-8-879){ref-type="table"}) show significant differences (*P* \< 0.05) among the three age groups for all the measured parameters except for postural speed in the dominant arm, and the postural speed, and initial deviation in the non-dominant arm (*P* \> 0.05).

Follow-up tests were used to evaluate pairwise differences among the three groups, controlling for type I error across the tests using the Bonferroni approach. The results of these tests indicated a significant difference especially for the following parameters: initial movement direction error, initial movement ratio, maximum speed and path length, movement time, and force (see [Table 5](#t5-cia-8-879){ref-type="table"}).

In general, the statistically significant differences were more marked between group 1 (10--40 years) and group 3 (61--80 years) than between groups 1 and 2 or between groups 2 and 3. The movement parameters that best identified these differences were initial movement ratio, maximum speed, and movement time. These parameters are plotted for the three groups as box plots in [Figure 7](#f7-cia-8-879){ref-type="fig"}. On a box plot, the central mark represents the median value, the bottom and top of the box represent the 25th and 75th percentiles, and the whiskers represent the minimum and maximum of all the data. There were slight differences between groups 1 and 2 but when we compared group 1 to group 3 we found a clear fall in initial movement ratio and maximum speed and a significant increase in the movement time values. These changes were more noticeable in the performance of the dominant arms (see [Figure 8](#f8-cia-8-879){ref-type="fig"}).

To analyze whether there were significant differences in the performance of the dominant versus non-dominant arms we used the Wilcoxon test. Our results show that there were statistically significant differences only in the initial movement direction error (Z = −2.667, *P* = 0.008), maximum speed (Z = −3.065, *P* = 0.002), path length (Z = −4.406, *P* = 0.000), and movement time (Z = −3.886, *P* = 0.000).

Discussion
==========

Previous studies have identified correlations between the sensorimotor function and demographic characteristics such as the age, gender, or ethnic group. Several parameters are important for the assessment of sensorimotor function,[@b20-cia-8-879] since they influence the effectiveness and speed of the response;[@b20-cia-8-879],[@b21-cia-8-879] however, most of the studies in this field are strongly biased by subjective assessments. Thus, many of the current tools use coarse, ordinal scales resulting in floor and ceiling effects.[@b5-cia-8-879] In this context, the main goal of this study was to evaluate a selected motor ability (reaching movement) in people of different ages in order to assess the correlation between upper-limb motor function and aging in an objective manner.

We used a commercially available pneumatic robotic device (RoboTherapist 2D; Instead Technologies Inc) to examine the influence of age on attributes of sensorimotor performance while performing a reaching task. Our results show a significant decrease in the sensorimotor abilities that can be easy quantified using objective kinematic and kinetic parameters. These changes are more noticeable in the aged participants (61--80 years) and could be related to the loss of efficiency of physiological processes in old age (ie, nerve conduction velocity declines with increasing age, action-potential amplitude is reduced, etc).[@b22-cia-8-879]

Although this is a preliminary study, our findings support the point of view that robotic devices can contribute significantly to our understanding of motor functions since they provide a reliable and very sensitive tool to quantify motor functions. However we have to also take into account the robotic devices intrinsic weaknesses and/or limitations. Thus, an obvious limitation of the RoboTherapist 2D robotic system is that it only allows planar movements that involve the shoulder and elbow. These movements are not functional in a strict sense and one may ask to what extent the assessment is useful for functional movements such as drinking from a glass of water. Despite this limitation, this position is highly recommended for performing assessments in the upper limb since the device supports the limb against gravity. Thus, older persons, or for example patients with weakness following stroke, are able to engage in assessments that would not be possible otherwise. This is highly advantageous in the clinical environment where early assessment may hold the key to important prognostic information. Nevertheless, further refinements of the motor tasks and derived measures as well as more data are necessary to create better measurements of upper-limb motor function that can be useful to quantify the development of aging or the course of rehabilitation.

Conclusion
==========

The present study used a reaching movement in order to identify differences in the sensorimotor function due to age. The nature of the task, without support of the limb against gravity, permitted us to explore deficits in motor coordination and also the influence of loss of muscle strength on motor performance. Our results showed significant differences between group 1 (20--40 years) and group 3 (61--80 years) in most of the measured parameters. Furthermore, this difference was not the same for both arms (dominant and non-dominant); but, in most cases, it was greater for the dominant arm.

The findings from this study indicate that assessments of upper-limb sensorimotor function should take into account the influence of age. Moreover robotic systems can provide a new and effective approach for the assessment and rehabilitation of neurological patients. Therefore, the conventional physiotherapy and the robotic technology must not be alternatives but complementary approaches in the rehabilitation process.
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![RoboTherapist 2D robotic device used in this study to monitor the reaching task.](cia-8-879Fig1){#f1-cia-8-879}

![A participant grasping the robot end effector in the setup position.](cia-8-879Fig2){#f2-cia-8-879}

![Targets and feedback presented to the participant using the REVIRE software.](cia-8-879Fig3){#f3-cia-8-879}

![Movement parameters calculated from position data recorded by the RoboTherapist 2D robotic device as described in Coderre et al.[@b5-cia-8-879]](cia-8-879Fig4){#f4-cia-8-879}

![Movement parameters calculated from tangential velocity data recorded by the RoboTherapist 2D robotic device as described in Coderre et al.[@b5-cia-8-879]](cia-8-879Fig5){#f5-cia-8-879}

![Hand trajectories for a 67-year old, right handed, male (\#38).\
**Notes:** Hand trajectories are plotted for movements made to each of the eight targets and speed profiles are plotted for one movement direction. The dominant arm is on the left (**A** and **C**) and the non-dominant arm is on the right (**B** and **D**). Each line in the hand trajectory (**A** and **B**) and speed profile (**C** and **D**) plots represents a single trial. The blue vertical line in the speed profiles represents the time when the peripheral target was illuminated.](cia-8-879Fig6){#f6-cia-8-879}

![Hand trajectories for a 23-year-old, right handed, male (\#5).\
**Notes:** Hand trajectories are plotted for movements made to each of the eight targets and speed profiles are plotted for one movement direction. The dominant arm is on the left (**A** and **C**) and the non-dominant arm is on the right (**B** and **D**). Each line in the hand trajectory (**A** and **B**) and speed profile (**C** and **D**) plots represents a single trial. The blue vertical line in the speed profiles represents the time when the peripheral target was illuminated.](cia-8-879Fig7){#f7-cia-8-879}

![Significant movement parameters plotted for the three groups.\
**Notes:** Group 1 (age 20--40 years), Group 2 (age 41--60 years), and Group 3 (age 61--80 years).**Abbreviations:** Min, minimum value; Max, maximum value.](cia-8-879Fig8){#f8-cia-8-879}

###### 

Participants: summary demographic data

          Group 1 (20--40 years) Mean: 28.3   Group 2 (41--60 years) Mean: 50.1   Group 3 (61--80 years) Mean: 69.2   Total
  ------- ----------------------------------- ----------------------------------- ----------------------------------- -------
  Men     9                                   7                                   7                                   23
  Women   8                                   10                                  10                                  28
  Total   17                                  17                                  17                                  51

###### 

Descriptive statistics, median, skewness, and kurtosis for the three age groups

                                         Age group   Median   Skewness   Kurtosis                     
  -------------------------------------- ----------- -------- ---------- ---------- -------- -------- --------
  Postural speed (mm/second)             1           0.690    0.660      −0.208     1.003    −0.717   1.585
  2                                      0.730       0.740    1.777      0.664      4.743    −0.238   
  3                                      0.870       0.690    1.815      0.712      3.338    0.716    
  Reaction time (seconds)                1           0.400    0.400      0.493      −0.023   0.962    0.425
  2                                      0.430       0.430    0.065      −0.253     −1.117   −0.670   
  3                                      0.440       0.440    −1.640     0.929      5.394    0.388    
  Initial movement direction error (°)   1           9.550    9.760      0.126      −0.558   −1.523   −0.451
  2                                      10.94       9.280    0.894      0.960      0.137    1.262    
  3                                      18.77       13.29    0.061      1.179      −0.917   2.403    
  Initial movement ratio                 1           0.620    0.630      0.208      −0.275   −0.472   0.667
  2                                      0.600       0.590    −2.087     −0.283     5.550    −0.729   
  3                                      0.290       0.490    0.487      −0.256     −1.094   −1.059   
  Maximum speed (mm/second)              1           146.49   155.24     1.599      1.257    2.887    2.928
  2                                      135.88      137.46   −1.238     0.013      1.248    0.237    
  3                                      92.04       109.39   1.134      1.291      2.535    1.878    
  Path length (mm)                       1           95.91    94.87      0.007      1.862    −0.863   3.143
  2                                      97.95       94.85    3.125      0.753      11.467   1.294    
  3                                      98.63       97.61    −3.382     −0.161     13.317   −0.967   
  Movement time (seconds)                1           0.860    0.810      −0.160     0.208    −0.096   −0.457
  2                                      0.990       0.890    1.681      1.028      2.740    0.308    
  3                                      1.700       1.340    -0.106     0.558      −0.437   −0.101   
  Force (N)                              1           1.550    1.550      0.134      0.139    −1.807   −1.776
  2                                      1.380       1.390    −0.236     0.136      −0.277   0.863    
  3                                      1.340       1.380    −2.178     −0.065     6.697    −0.014   

**Abbreviations:** DA, dominant arm; NDA, non-dominant arm.

###### 

Kruskal--Wallis test, dominant arm

              Postural speed   Reaction time   Initial movement direction error   Initial movement ratio   Maximum speed   Path length   Movement time   Force
  ----------- ---------------- --------------- ---------------------------------- ------------------------ --------------- ------------- --------------- -------
  X^2^        2.915            8.264           19.223                             19.164                   17.370          7.975         23.176          7.341
  df          2                2               2                                  2                        2               2             2               2
  *P*-value   0.233            0.016           0.000                              0.000                    0.000           0.019         0.000           0.025

**Notes:** X^2^ is from Kruskal--Wallis H. df is equal to the number of groups minus one. *P*-value is the significance level (*P* \< 0.05 significant differences among groups).

**Abbreviation:** df, degrees of freedom.

###### 

Kruskal--Wallis test, non-dominant arm

              Postural Speed   Reaction time   Initial movement direction error   Initial movement ratio   Maximum speed   Path length   Movement time   Force
  ----------- ---------------- --------------- ---------------------------------- ------------------------ --------------- ------------- --------------- -------
  X^2^        0.997            12.742          5.641                              10.807                   11.543          6.852         15.002          9.359
  df          2                2               2                                  2                        2               2             2               2
  *P*-value   0.607            0.002           0.060                              0.005                    0.003           0.033         0.001           0.009

**Notes:** X^2^ is from Kruskal--Wallis H. df is equal to the number of groups minus one. *P*-value is the significance level (*P* \< 0.05 significant differences among groups).

**Abbreviation:** df, degrees of freedom.

###### 

Pairwise comparisons of the different parameters of the dominant arm using the Mann--Whitney *U* test

                                     Group 1 vs Group 2 (20--40 vs 41--60)             Group 1 vs Group 3 (20--40 vs 61--80)             Group 2 vs Group 3 (41--60 vs 61--80)
  ---------------------------------- ------------------------------------------------- ------------------------------------------------- -------------------------------------------------
  Postural speed                     0.586                                             0.099                                             0.259
  Reaction time                      0.057                                             0.011[\*](#tfn7-cia-8-879){ref-type="table-fn"}   0.106
  Initial movement direction error   0.245                                             0.000[\*](#tfn7-cia-8-879){ref-type="table-fn"}   0.001[\*](#tfn7-cia-8-879){ref-type="table-fn"}
  Initial movement ratio             0.218                                             0.000[\*](#tfn7-cia-8-879){ref-type="table-fn"}   0.000[\*](#tfn7-cia-8-879){ref-type="table-fn"}
  Maximum speed                      0.274                                             0.000[\*](#tfn7-cia-8-879){ref-type="table-fn"}   0.001[\*](#tfn7-cia-8-879){ref-type="table-fn"}
  Path length                        0.085                                             0.006[\*](#tfn7-cia-8-879){ref-type="table-fn"}   0.218
  Movement time                      0.018[\*](#tfn7-cia-8-879){ref-type="table-fn"}   0.000[\*](#tfn7-cia-8-879){ref-type="table-fn"}   0.000[\*](#tfn7-cia-8-879){ref-type="table-fn"}
  Force                              0.031[\*](#tfn7-cia-8-879){ref-type="table-fn"}   0.014[\*](#tfn7-cia-8-879){ref-type="table-fn"}   0.496

**Notes:** Values are *P*-values.

*P* \< 0.05.

**Abbreviation:** vs, versus.
